Nanofiltration ( 
Introduction
Micropollutants are not fully removed by conventional wastewater treatment processes. Treated wastewater effluents with concentrations up to µg.L -1 [1, 2] are discharged into surface waters which raises significant environmental concerns [3, 4] . Estrone and 17-β estradiol are two of the most potent endocrine disrupting contaminants [5] [6] [7] and therefore need to be removed from natural and potable water sources. While hormones generally only occur at very low concentrations (ng.L -1 ) in wastewater effluents [8, 9] , concentrations of more than 100 ng.L -1 have been measured in US streams [3] . In a UK survey of two rivers [4] an increase in estrone concentration was measured due to the discharge of sewage treatment works, with the estrone concentration profile in one of the rivers clearly following the concentration profile of the plant effluent. Discharge into surface waters of micropollutants, including hormones, poses a health risk to the flora and fauna that depend on these waters [10, 11] . These micropollutants, which have possible negative impact on human health [12, 13] , further threaten to contaminate potable water sources. Nanofiltration (NF) is often installed in water treatment and reuse applications to remove micropollutants. However hormone retention by NF and reverse osmosis (RO) membranes is currently not well understood [14] and is difficult to predict. Retention results from bench-scale studies have been shown to vary significantly for hormones of similar molecular weight, with retentions ranging from 10% to 100% [15] . Some micropollutants, including hormones, pesticides and pharmaceuticals, have been found to adsorb onto NF and RO membranes [14, [16] [17] [18] [19] [20] [21] [22] [23] [24] . Such adsorption onto the membrane is highly dependent on the membrane material used [17, 25] and the micropollutant properties such as size, hydrophobicity, acid dissociation constant (pK a ), aptitude for hydrogen bonding [15, 26] and other possible interaction mechanisms [15] . The adsorption phenomenon results in the feed concentration decrease and permeate concentration increase with time, until the membrane is saturated and steady state is reached [14] . This is accompanied by a decrease in the contaminant retention with time until steady-state is reached. Steinle-Darling et al. [27] showed that the transient feed concentration and retention of adsorbing perfluorochemicals can be described by a pseudo first-order kinetic equation by fitting the experimental results. This work was very important in furthering the understanding of adsorption of micropollutants onto NF membranes. However, further work is necessary to enable the use of the sorption kinetics in a predictive rather than a descriptive way.
Adsorption of trace contaminants occurring in bench-scale and full-scale applications has several negative implications showing the need to understand the fundamentals of this phenomenon. Firstly, adsorption lowers substantially the retention expected if only steric interactions are considered [14, 28] , showing that membrane retention is adsorption dependent. Secondly, adsorption does not occur only in the initial stages of filtration. It has been shown that after each cleaning cycle, adsorbed trace contaminants can be desorbed from the membrane [29, 30] , allowing for adsorption to occur again. The adsorption phenomenon is however not understood since studies of adsorbing compounds are usually carried out once the membrane has been pre-saturated with the contaminant [18, 31, 32] .
Furthermore, if the study is carried out in a period of time shorter than the required, differing conclusions can be drawn from the results [20, 33] . Whilst a membrane is saturating, the permeate concentration is initially very low, which could lead to the conclusion that the membrane performs well, both in bench-scale [27] and full-scale [34] applications. Bench-scale membrane saturation usually takes a few hours [14, 35] whilst full modules can take more than 4 days [34, 36, 37] . In fact Cornelissen et al. [34] did not detect xeno-estrogens in the permeate after 5 days of filtration due to the continuous adsorption onto the membrane module. In the bench-scale study by Steinle-Darling et al. [27] , no contaminant was detected for 8 hours in the permeate due to adsorption.
The accumulation of contaminants on the polymeric membranes poses a risk since the contaminants can desorb from the membrane during operation or cleaning and contaminate the 3 permeate [29, 30, 35] . A continuous adsorption-desorption phenomenon can occur during operation caused by fluctuations in feed concentration [30, 35] . For example, if the feed concentration increases, due to fluctuations in the membrane plant inlet, this causes the contaminant adsorption and permeation through the membrane [35] .
Trace contaminant removal by NF membranes can therefore be difficult to predict due to the occurrence of adsorption, showing the need in understanding what operation parameters affect it. Understanding the mechanisms involved in the removal of adsorbing trace contaminants by NF membranes at bench-scale will contribute to the understanding of the removal of these in full-scale applications, since the same removal mechanisms are involved.
Several studies have shown that parameters such as feed concentration affect the adsorption of hormones onto NF membranes. Adsorption was found to increase linearly with increasing hormone feed concentration up to 1000 ng.L -1 in filtration mode [38] and up to 600 μg.L -1 in static mode (no pressure applied) [35, 38] . This indicates that adsorption is limited by micropollutant availability. However no studies have been carried out at concentrations close to the hormone solubility limit to confirm that the isotherm is linear for a wide hormone concentration range.
In filtration mode, once adsorption reached steady state and pure water was filtered through the membrane, hormone was released from the membrane into the permeate [35] . Release of hormone on the permeate side can occur if the feed concentration varies. It is therefore important to understand what affects adsorption to be able to control it.
Following the connection between feed conditions and micropollutant adsorption onto NF membranes, another study suggested that feed hydrodynamics affect hormone retention and adsorption [39] but no systematic study on the influence of pressure and Reynolds number (based on channel height Re h ) was carried out. In other studies where different pressures were used [19, 25] , membrane saturation was not reached for the studied contaminant. A continuous decrease in the contaminant feed concentration occurred and therefore no conclusions could be drawn on the effect of pressure in the contaminant total mass adsorbed and steady-state retention.
In the work by McCallum et al. [35] the influence of three pressures on the transient feed and permeate concentration of estradiol with the NF 270 membrane was studied. It was shown that pressure has an effect in the transient permeate response: the higher the pressure, the quicker the permeate concentration will reach steady-state. However, the estradiol steady-state feed and permeate concentrations and, therefore, steady-state mass adsorbed and retention, were very similar for the three pressures used, showing no effect of pressure on the hormone retention. In contrast, distinct differences in hormone retention when subjected to different pressures have been obtained elsewhere [40] . In this later study, the authors showed that cross-flow velocity has no effect in estrone retention and that increase of pressure decreases retention. The membranes had been presaturated in hormone when carrying out this study and hence, the effect of these parameters on the hormone total mass adsorbed and consequent retention for a virgin membrane were not carried out. As previously mentioned membrane retention is adsorption dependent showing the need to elucidate how filtration parameters affect NF adsorption and retention of trace contaminants.
Due to the clear gap in the understanding of what feed parameters affect adsorption and retention of hormones onto NF membranes, this study will provide a systematic evaluation of the mechanisms that affect these for estrone and 17-β estradiol. Nanofiltration operating conditions, such as pressure and Re h number will be investigated, as well as feed concentration both in filtration and static mode.
2 Materials and Methods

Filtration set up
A stainless steel cross-flow system ( Figure 1 ) with a 2.5 L feed tank with a cooling jacket and a high pressure pump (P200 from Hydra-Cell, UK) was used. The system is connected to a flat sheet membrane cell (MMS, Switzerland) with a slit type channel height of 1×10 -3 m, width of 0.025 m and length of 0.184 m. Temperature was monitored in the retentate by a temperature indicator (WTM Pt 100-0-6 from Condustrie-Metag, Germany) and maintained at 24ºC ± 0.5ºC using a cooling jacket with a surface of 0.09 m 2 connected to a temperature controlled water bath (WK 700, Lauda). A back pressure regulator (KPB1N0A415P60000, Swagelok, UK) allows the pressurization of the system up to 130 bar. The pressure was monitored in both feed and retentate side of the membrane cell with two pressure transducers (S model, Swagelok, UK). The membrane cell holds a membrane of 46 cm 2 . The feed flow was measured using a flow meter (M2SSPI from Hydrasun, UK). Datalogging was set-up allowing for data collection of membrane cell inlet and outlet pressure, feed flow rate and temperature (DAQ 55 Omega, UK). The permeate mass was measured using an Ohaus Adventurer Pro electronic balance (Leicester, UK).
[FIGURE 1]
Filtration protocol
The filtration protocol used is described as follows. The membrane coupon was gently washed and stored in MilliQ water for at least 12 hours. The membrane was then placed in the cross-flow cell and compacted for two hours with MilliQ water at 25 bar. The pure water flux was measured at 25 bar for at least 30 minutes to ensure steady flux followed by flux measurement at the experimental pressure for ten minutes. The system was then drained of the MilliQ water used and a volume of 1.5 L of fresh MilliQ water was recirculated in the system for one hour at a set hydrodynamic condition by varying pressure (3 to 17 bar) or Re h number (400 to 1500) to make sure all the process parameters were constant. The Re h number is given by equation (1),
where ρ is the solution density (kg.m -3 ), v is the velocity in the feed channel (m.s -1 ), h is the cell height (m) and µ is the solution viscosity (Pa.s). The Re h number is adjusted by changing the velocity in the feed channel, hence by varying the feed flow rate. A Re h number variation between 400 and 1000 corresponds to a feed flow rate variation between 0.55 L.min -1 and 1.37 L.min -1 in the system used in the present study. For NF spiral-wound membranes the realistic operating range for aqueous solutions varies from 3 to 20 bar for pressure [41] and from 100 to 1000 for Re h numbers [42] .
Feed and permeate samples were taken of the MilliQ water to ensure no hormone contamination of the system occurred. The feed tank was then spiked with hormone solution (0.5 L) to reach the required concentration in the system and mixed well using a mechanic stirrer (200 rpm). The feed and permeate concentrations were measured at regular time intervals (every five minutes for the first half hour and then once every hour) to obtain the transient trend until equilibrium was reached (average of 8 hours). The normalized permeate transient flux (J/J 0 ) is obtained by dividing the permeate transient flux (J, obtained by weighing the amount of permeate mass collected in one minute) by the pure water flux (J 0 ) measured before spiking the hormones. The system was operated in recirculation mode. New membranes were used for every experiment and membrane samples with a pure water flux of 17 L.h -1 .m -2 .bar -1 ± 10% were selected. The transient mass adsorbed was then obtained by mass balance. As a control experiment, adsorption of hormone onto the filtration system in the absence of membrane was investigated. A feed concentration of 100 ng.L -1 of estradiol was recirculated in the system for 8 hours. A difference in feed concentration of less than 5% was obtained with time showing that for the duration of the experiments, no significant adsorption occurred to the system.
Triplicates of selected experiments at set filtration conditions were carried out and it was found that steady-state retention did not vary by more than ± 5%, total mass adsorbed by ± 0.08 ng.cm -2 and J/J 0 by ± 0.02.
Membrane type
The NF270 membrane was used in this study (FilmTec Corp., MN, USA). This high-flux membrane has been found in previous studies to adsorb high quantities of micropollutants, including hormones [14, 27] . It is a thin-film composite (TFC) membrane consisting of a polyamide active layer with polysulfone and polyester support layers. Membrane characteristics can be found in Table 1 . The isoelectric point of the membrane was measured with an electrokinetic analyser (EKA, Anton Paar KG, Graz, Austria) in background electrolyte (1mM NaHCO 3 and 20mM NaCl).
[ 
Membrane molecular weight cut-ff (MWCO) and salt retention
The nominal MWCO of this membrane is 180 Da (similar to published literature [43] ), determined in the cross-flow system at 11 bar and Re h =1450 using different organics at 25 mgC L -1 , such as dioxane, dextrose (both from Fisher, UK), xylose (Acros Organics, UK) and PEG (400, 600 and 1000 from Fisher UK). The feed and permeate concentrations were measured with a TOC analyser (Shimadzu TOC-VCPH, UK) with an ASI autosampler. Analyses were conducted in nonpurgeable organic carbon mode (NPOC) with the high sensitivity catalyst. Comparing the molecular weight of the hormones to the MWCO of the membrane, the hormones would be expected to be retained based on size-exclusion.
NaCl retention was determined in the cross flow system at 10 bar and a Re h number of 1450, where the feed and permeate conductivity were measured with a pH/Cond 340i meter (WTW, Germany).
Chemicals and analysis
Radiolabelled hormones were used due to very low detection limit, small sample volumes required and extremely high accuracy. The radiolabelled hormones used were [2,4,6,7- 3 H] estrone (E1) and [2,4,6,7- 3 H] 17β-estradiol (E2) (GE Healthcare and Perkin Elmer, UK, respectively). These two hormones are amongst the most endocrine disrupting chemicals, as previously mentioned, and their chemical properties are found in Table 2 .
[
TABLE 2]
An initial feed concentration of 100 ng.L -1 was used in all the experiments, with the exception of the isotherm experiments where concentrations were varied from 25 ng.L -1 to 2 mg.L -1 . The radioactivity of the permeate and feed samples were measured using a Beckman LS 6500 scintillation counter (Fullerton, USA), where 0.5 mL of sample was placed in scintillation vials (Perkin Elmer, UK) with 4 mL of Ultima Gold LLT (Perkin Elmer, UK) and counted for 10 minutes each. The detection limit of this method is 1 ng.L -1 for the hormones studied. No other chemicals or background salts were used. The feed and permeate pH and conductivity were regularly measured with a pH/Cond 340i meter (WTW, Germany) to ensure stability of these two parameters. The value of pH varied in the feed and permeate by pH=6.5±0.75 and conductivity Cond=1 μS.cm -1 .
Isotherm experiments
To achieve the higher concentrations (>200 ng.L -1 ) used in isotherm studies, non-labelled hormones (>98% purity) were obtained from Sigma Aldrich, UK, and mixed with labelled hormones. For the adsorption isotherms of E2 the highest concentration chosen (2 mg.L -1 ) was close 6 to the solubility limit (3.6 mg.L -1 [18] ) to try to reach saturation of all the adsorption sites on the membrane. The E2 adsorption isotherm was determined in filtration mode to see if filtration had any impact on the shape of the isotherm. In addition and to compare with the filtration results, isotherm experiments in static mode in a Certomat BS-1 UHK-25 shaker (Göttingen, Germany) at 200 rpm and 24ºC (i.e. no pressure applied) with the same feed concentrations were carried out in 60 mL vials of the relevant hormone concentration with pieces of the membrane (45 cm 2 cut into 5 cm 2 pieces).
Results and Discussions
Hydrodynamics have a significant impact on membrane retention because they affect the degree with which polarisation develops, and therefore affect the concentration at the membrane surface. The first step in studying the impact of polarisation on hormone adsorption and retention by NF membranes is to be able to calculate the concentration at the membrane surface for the different conditions of pressure, Re h numbers and feed concentration used.
Concentration at the membrane surface determination
A concentration gradient forms at the membrane surface due to the accumulation of retained solutes. This concentration gradient creates a diffusive solute flow from the membrane surface to the feed bulk which is counter-balanced by a convective flux towards the membrane surface caused by a pressure difference between the feed side and the permeate side. A balance between these two fluxes and the permeate flux results in the concentration polarisation equation (equation (2)),
where C m , C p and C f are the concentrations at the membrane surface, permeate and feed respectively (ng.L -1 ), v p is the permeate velocity (m.s -1 ) and k is the mass transfer coefficient (m.s -1 ). In the first instances of the experiment, the concentration in the permeate is zero, and equation (2) simplifies to equation (3), the polarisation modulus β [44] at this initial condition. C m (0) and C f (0) are the initial membrane and feed concentrations, respectively.
To calculate the initial concentration at the membrane surface C m (0) in equation (2) and (3), the parameters were used considering filtration conditions when the hormones were spiked to the feed tank. The permeate concentration C p (0) is 0, v p was calculated based on the pure water flux measured before spiking the hormones and C f (0) was measured in the experiment.
The mass transfer coefficient, k, required to calculate C m in equation (2) and (3) was obtained by the Sherwood correlation applied for the same hydrodynamic conditions in a slit channel [45] presented in equation (4), , and µ is the solution viscosity (Pa.s). Due to the very low hormone concentrations, pure water parameters were used.
Influence of Hydrodynamics: Reynolds number
The effect of Re h on the total E1 and E2 hormone mass adsorbed (Mass Ads. in Figure 2 ) and retention at steady-state (Retention ss ) is shown in Figure 2 A and B. The later is calculated using the feed and permeate concentrations once steady-state is reached.
When Re h numbers increased from 427 to 1450, the E2 total mass adsorbed decreased from 0.7 ng.cm -2 to 0.5 ng.cm -2 and the Retention ss increased from 61% to 81%. When Re h increases, this causes a lower concentration polarisation to form on the membrane surface: hence C m (0) or β given by equation (3) are lower (Figure 2 C) . In fact the increase of Re h from 427 to 1450 caused the polarisation modulus to decrease from 1.5 to 1.0.
The same trend was obtained for E1, where an increase of Re h numbers from 427 to 1450 caused the total mass adsorbed to decrease from 1.5 ng.cm -2 to 1.3 ng.cm -2 and a Retention ss increase from 69% to 83%. This was accompanied by a polarisation modulus decrease from 1.5 to 1.0. Lower C m (0) or β results in lower adsorption and higher Retention ss , showing that adsorption and Retention ss are governed by C m (0) or β.
FIGURE 2]
As pressure impacts significantly on concentration polarisation, the contribution of pressure was studied systematically to determine the influence of pressure induced changes in C m (0) and β on adsorption.
Influence of Hydrodynamics: Pressure
Results of the role pressure plays on the total mass adsorbed and Retention ss is depicted in Figure 3 A cm -2 and a decrease of Retention ss from 80% to 51%. The same trend was obtained for E1, where an increase of pressure from 5 to 15 bar caused a mass adsorbed increase from 1.0 ng.cm -2 to 1.8 ng.cm -2 and a Retention ss decrease from 85% to 63%.
[ FIGURE 3] When comparing Figure 2 and Figure 3 , Re h impacts less on adsorption or Retention ss compared to pressure. This is expected since according to equation (3) and (4) C m is more sensitive to changes in pressure or permeate velocity (v p ) than to changes in the velocity v in the feed channel (or Re h number).
Variations in hydrodynamic conditions affect the membrane surface concentration. To elucidate the role of concentration at constant hydrodynamic conditions a systematic study of the effect of feed concentration on adsorption and retention was carried out.
Feed Concentration Influence on Adsorption
The results of E1 and E2 feed concentration variation on adsorption and Retention ss are presented as adsorption isotherms in Figure 4 .
FIGURE 4]
All hormone isotherms were linear for both filtration and static mode, confirming results of other studies in a lower hormone concentration range [35, 38] , showing sorption is limited by the hormone concentration. This suggests that saturation of all the adsorption sites available on the membrane was not reached, not even at the highest E2 concentration (2 mg.L -1 ). However for this feed concentration, the normalized flux J/J 0 was at least 15% lower compared to the other 8 concentrations (Figure 5 ). At these conditions and with a resulting C m (0) of 3 mg.L -1 , the E2 concentration is close to the solubility limit (Table 2) , which might cause E2 precipitation and, in consequence, affect membrane performance.
[FIGURE 5]
The total mass adsorbed in Figure 4 increased with increased feed concentration, confirming that it is proportional to C m (0). However, Retention ss for both hormones was constant. When β was calculated for the isotherm experiments (Figure 4) , it was found to be constant for both hormones, with β E1 = 1.44 ± 0.03 and β E2 = 1.49 ± 0.03. It can be concluded that whilst the mass adsorbed is dependent on C m (0), Retention ss is dependent on β.
The reason why the total mass adsorbed and Retention ss depend on C m (0) and β, respectively, is explained as follows.
Experiments in static mode and filtration mode evidence that a membrane surface exposed to an increasing initial feed concentration of hormone yield an increase of the mass adsorbed ( Figure  4) . In filtration mode, the total mass adsorbed increases when pressure increases and Re h decreases (Figure 2 and Figure 3) , despite the initial feed concentration being the same for both hormones (100 ng.L -1 ). Pressure and Re h number are known to affect the concentration at the membrane surface, hence the conclusion that adsorption and retention are governed by the concentration at the membrane surface.
Experimental data further evidences that the higher the initial concentration at the membrane surface C m (0) (or β) (Figure 2 and Figure 3) , the higher the total mass adsorbed obtained and the lower the retention. This allows one to infer that adsorption and retention are governed by C m (0) or β, since it is this concentration that the membrane is in contact with in the first instances of the experiment. The previous inference is corroborated by the following observations and reasoning.
If C m (0) or β did not govern the process of hormone adsorption and retention, then for similar conditions of C m (0) or β caused by different combinations of Re h numbers and pressure, different results of total mass adsorbed and Retention ss should be obtained for the hormones. However, as can be seen in Table 3 one can conclude that this is not the case. The same applies for the experimental conditions of 11 bar and 1400 Re h number, where β=1, and 5 bar and a 427 Re h number, where β=1.1. This shows that for different filtration conditions that lead to the same C m (0) or β, the same results of steady-state adsorption and retention are obtained, confirming that it is the initial condition that govern the system.
Moreover the use of C m (0) or β as the governing parameter for the mass adsorbed and retention is an advantage as this allows the latter two to be predicted, as will be described in section 4.
[ TABLE 3] It was further noticed that E1 adsorbs twice as much as E2, which is in agreement with findings of Nghiem et al. [14] . Despite having similar physical characteristics [15] , hormones with a ketone group (E1) have been found to bind more to organic matter or activated carbon than hormones with a hydroxyl group (E2) [47, 48] . The ketone group in E1 is very electron-rich (or polarised) compared to the hydroxyl group in E2 and therefore forms stronger hydrogen bonding (H-bond), while other interactions, such as hydrophobicity, may be at play as well. Hydrophobicity, however, does not explain the difference in adsorption between E1 and E2 onto NF membranes since despite E2 being more hydrophobic than E1 (Table 2) , it adsorbs less.
The main objective in membrane science is to be able to predict the permeate concentration of a certain solute in order to choose the most appropriate membrane to remove it. A model is therefore required, in the first instance for this membrane, to predict the permeate concentration. The above results allowed to do this since the physical mechanisms that influence adsorption, such as the case of polarisation, have now been identified. The model developed predicts the changes in feed concentration with time which then allow predicting changes in the transient permeate concentration.
Sorption Model Development
Feed concentration prediction
In this study a model that allows prediction of the feed concentration variation with time for a wide range of pressures (3-17 bar) or Re h numbers (400-1000) has been developed. Assuming pseudo-first-order sorption kinetics for the hormones, equation (5) describes the hormones at equilibrium [49] ,
where H is the concentration of free hormone (ng.L -1 ), k 1 (s -1 ) is the the pseudo-first order reaction constant and H * is the adsorbed hormone (ng.cm -2 ).
The differential equation for description of the rate of change of the feed concentration is shown in equation (6), where C fss (ng.L -1 ) is the feed concentration at steady state conditions, t is time (s) and a (s -1 ) is the rate constant for exponential decline.
( )
Solving equation (6) considering the boundary conditions of C f (t) = C f (0) for t = 0 one obtains equation (7) [27] , where k 1 is dependent on the rate with which the hormone adsorbs onto the membrane surface. This parameter therefore has one value for E1, E2 and the NF270 membrane, and does not depend on experimental conditions.
The steady-state concentration C fss will depend on the total mass adsorbed and will therefore vary for different filtration conditions since the mass adsorbed varies with these (as shown in Figure  2 , Figure 3 and Figure 4 ).
The parameter k 1 and C fss need to be determined for using equation (7) in order to predict the feed concentration variation with time. The required information was obtained from the isotherm experiments.
The reaction rate constant k 1 was obtained by fitting equation (7) to the filtration isotherm transient feed concentrations using an optimization method (Solver, Microsoft Excel). For the NF270 membrane k 1 =3.00×10 -4 (s -1 ) for E1 and k 1 =3.71×10 -4 (s -1 ) for E2 were obtained. Since E1 takes longer to reach adsorption steady-state, its reaction rate constant is lower compared to E2.
The concentration at steady-state C fss was determined as described next. C fss depends on the mass adsorbed and is obtained by mass balance of the feed solution in recirculation mode given by equation (8),
where V feed is the volume of the feed solution (L), M ads is the total mass adsorbed (ng) at steady state. If the total mass adsorbed can be determined then C fss will be known by applying equation (8) .
In the previous section it was concluded that the total mass adsorbed is dependent on C m (0) and in consequence C m (0) is the key parameter to predict adsorption.
The total mass adsorbed for any experimental hydrodynamic condition of pressure and Re h number is predicted using the relationship between the total mass adsorbed and C m (0) obtained from the filtration isotherm experiments (Figure 4 ). For the filtration isotherm experiments, C m (0) is calculated according to equation (3) and plotted against the total mass adsorbed as shown in Figure   10 6 where a linear relationship is obtained. The higher the affinity of the compound with the membrane, the higher the slope of the linear isotherm will be. This is indeed the case with E1 compared to E2. For non-linear isotherms such as Freundlich or Langmuir, a non-linear relationship would have to be used.
[ FIGURE 6] For experiments of varying pressure and Re h , C m (0) is calculated according to equation (3) and the total mass adsorbed is predicted using the linear relationship from Figure 6 . With the predicted total mass adsorbed and equation (8), C fss is obtained and used in equation (7). Figure 7 and Figure 8 show the good prediction and validation of the developed model by applying equation (7) to the feed concentration with varying Re h and pressure for both E1 and E2. Once the transient feed concentration is predicted, the next step is to predict the transient permeate concentration.
Permeate concentration prediction
A model that allows prediction of the permeate concentration variation with time was developed below. Steinle-Darling et al. [27] showed that retention of adsorbing compounds follows the same type of exponential decay as the feed concentration and is given by equation (9), where Retention(0) is the initial retention (100%), Retention ss is the retention once steady-state is reached, t is time (s) and b is a first order constant (s -1 ).
Using the definition of retention in equation (9) and after algebraic manipulation, equation (10) is obtained, where C pss is the permeate concentration at steady-state (ng.L -1 ).
To determine the transient permeate concentration C pss /C fss , the parameter b and C f (t) are required. It was previously concluded that Retention ss , and therefore C pss /C fss , depends on the initial polarisation modulus β. Since the isotherm experiments have a constant β, and therefore a constant Retention ss (Figure 4) , the isotherm data cannot be used to determine this ratio. Experiments with varying β were therefore used ( Figure 9 ).
When β is plotted against C pss /C fss , a linear relationship is obtained for both hormones as shown in Figure 9 . Once β is calculated for different conditions of pressure and Re h numbers this relationship can subsequently be used to predict C pss /C fss , in much the same way as was done for the feed concentration prediction.
[ for E2 and 2.0×10 -4 s -1 for E1. Hormone E1 has a lower first order constant because adsorption, and therefore feed and permeate concentration, take longer to reach steady-state compared to E2. Figure 7 and Figure 8 show very good prediction and validation quality of the developed model by applying equation (10) for both E1 and E2 following the described method for different conditions of pressure and Re h .
[ FIGURE 9] While transient permeate concentration is well predicted with this model, in the low pressure range (3 to 5 bar) for E1 and E2 and high Re h number (998) for E1 the prediction did not fit the experimental results as well (data not shown). Concentration polarisation is not very pronounced at these conditions. In fact the amount adsorbed and the Retention ss for these three conditions are similar to what is obtained with a Re h number in the transient regime (Re h =1450), where polarisation is minimised (Figure 2 and Figure 3) . Therefore using the relationship of Figure 6 with C m (0) is prone to overestimate the predicted mass adsorbed. If the boundary condition C f (0) is used instead of C m (0) in Figure 6 , meaning the concentration at the membrane surface is the same as the bulk and therefore no polarisation is considered, the prediction is more accurate (Figure 7 D and Figure 8 A and B) .
The transient permeate trend provides information on the transport mechanisms of hormones. Since adsorption for E1 is much higher than for E2, the permeate concentration transient response is slower and takes longer to reach steady-state. Because more is adsorbed inside the membrane, it takes longer to obtain a breakthrough curve. Due to the higher sorption for E1 compared to E2 this is more emphasized for E1. Compounds that sorb in high quantities onto the membrane have a very low permeate concentration for a long time [27] , sometimes giving 100% retention for the initial stages of the filtration (first 8 hours).
The lower the concentration at the membrane surface (low pressures and high Re h numbers, the higher is retention and the slower is the breakthrough curve. This is because there is less driving force for the compound to permeate through and therefore less adsorption on the membrane.
Conclusions
Trace contaminant adsorption onto NF membranes has been shown to occur and the retentions obtained are lower than expected when only steric interactions are considered. This study elucidated the mechanisms that affect hormone adsorption and retention by NF membranes as far as surface hydrodynamics is concerned. Concentration polarisation, i.e. the initial concentration at the membrane surface was found to govern adsorption. For example, for a higher pressure or lower Re h numbers, the initial concentration at the membrane surface increased, leading to an increase in the hormone mass adsorbed and decrease in retention. Adsorption was therefore found to be governed by the initial concentration at the membrane surface whilst retention was found to be governed by the initial polarisation modulus. The results of this work alert for the need in specifying very well the filtration conditions used in future studies since these affect the removal of trace contaminants.
These results further contribute to the understanding of hormone removal in spiral-wound modules, since these are subjected to the same hydrodynamic conditions as the ones in this study. The transient feed and permeate concentration can be estimated by the developed model, which makes recourse exclusively to hydrodynamic conditions and is therefore applicable to bench-scale and full-scale.
The ability to predict the permeate concentration for an adsorbing compound and understanding the fundamental mechanisms involved in their removal contributes to the minimisation of trials needed to control for the performance of a certain membrane. Furthermore, it also contributes to the design of more efficient membranes for micropollutant removal capable of either avoiding or even enhancing the occurrence of adsorption. In fact, membrane characteristics such as materials and pore radius are expected to affect hormone sorption and retention and therefore further work is necessary to add membrane parameters to the model. [20] , g [53] , h [54] 
